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Investigation on the Depth of Slip Hanger Teeth Bite
into Casing and the Mechanical Properties of Casing
under Different Suspension Loads in Ultra-Deep Wells

Yong Chen — Jinjin Tan — Guoping Xiao
Southwest Petroleum University, School of Mechanical and Electrical Engineering, China

There is great difficulty in controlling the setting load of the large-size slip casing hanger in the Northwest Oilfield in China, and a reasonable
setting load is of great significance. This paper studied the relationship between slip hanger bite depth and suspension load in the ® 273 mm
WE-type slip hanger in the Northwest Qilfield in China through experiment, theoretical computation, and finite element analysis. The accuracy
of the finite element model was proved by comparing the finite element simulation results with the experimental bite marks on the casing
surface. The study results show that the bite mark of the slip insert in the casing is deeper in the lower part of the sitting position. When the
hanging load increases from 1000 kN to 6000 kN, the maximum bite depth of the slips in the casing gradually increases with the suspension
load. The residual collapse strength of the casing decreases correspondingly. When the residual collapse strength decreases to a certain
value, the maximum suspension force corresponding to the bite depth of the slip insert can be obtained. Based on the finite element research
results and theoretical equations, the stress distribution on the casing wall where the slips bite the deepest is obtained by derivation. The
suggestions on improving the material structure of the casing under this stress were proposed. The limit of the setting load of the large-size

casing wellhead for avoiding casing collapse was obtained, which is of great significance for guiding field-casing setting.
Keywords: WE-type slip hanger, suspension load, slip hanger bite depth, finite element simulation, casing

Highlights

*  The relationship between slip hanger bite depth and suspension load has been studied.
*  The bite depth of the slips is gradually reduced from no. 1 to no. 17 (from bottom to top) under a specific suspension load.
*  The maximum circumferential squeezing stress on the inner wall of the casing is the risky section, which is subjected to the

deepest bite by slip inserts.

*  Asthe suspension load increases, the casing residual collapse strength decreases.
*  Comparing the experimental result with the finite element result, shows that the two are consistent.

0 INTRODUCTION

There is increasing difficulty in controlling the setting
load due to increasing large-size casing tripped into
deep reservoirs in the Northwest Oilfield in China.
Excessive setting loads and the high-pressure and
high-temperature (HPHT) conditions of reservoirs
(such as 70 MPa and 170 °C) will cause problems such
as wellhead subsidence, and severe damage to the
casing caused by slips and the sitting load is too small
possibly lead to poor sealing of the casing head [1]
and [2]. Tripping the liner hanger into the upper casing
is completed through interaction between the liner
hanger slips and the casing. The setting of the liner
hanger causes variation in the initial stress distribution
inside the casing. The additional circumferential stress
and additional axial stress caused by slips increase the
load on the casing and affect the safety performance
of the casing; those beyond the original design loads
significantly lessen the margin against piping failure
[3]. Statistics found that there were 10 well-times of
large-size deep well casings in the past two years,
and 3 well-times had abnormalities during wellhead

installation. Therefore, a choice of setting load to
solve the above contradictions and recommended
practices for the setting of large casings are of great
significance.

Many efforts have been put in analysis of the force
and structure of the slip hanger and casing. Li et al. [4]
and Tong et al. [5] carried out the mechanical analysis
of slips on the packer with statics principles and
obtained the formula for calculating the normal stress
on the slip insert during anchoring of the slips and.
Tang et al. [6] aim at the problem of damage caused
by the casing pressure on the slip after setting, the
pressure-bearing law of the slip teeth under the three-
tooth parameters was analysed. Mohammed et al. [7]
focused on factors attributing to casing failure, their
failure mechanism and the resulting failure mode. The
slip-casing bite model was analysed using the finite
element numerical simulation method, which has been
widely used in recent years. Wang et al. [8] carried out
the finite element analysis of the force process of slips
and improved the structural parameters of slips.

However, when the well’s casing head pressure
cannot be permanently bled off with a needle valve,
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the casing is said to exhibit sustained casing pressure
(SCP) [9]. A cement sheath can act as a secondary
barrier element in a dual barrier (elastomer seal and
cement sheath) zonal isolation system. Cement is
the main physical barrier able to seal fluid flow into
unintended zones from the wellbore [10] and [11]; the
rubber materials can be squeezed into the annulus
between the hanger and the upper casing, effectively
sealing the annulus, and providing an efficient two-
way pressure-bearing capacity [12] to [14].

In this study, the relationship between slip insert
bite depth and suspension load of the WE-type slip
hanger of the Northwest Oilfield in China was studied
using finite element analysis methods and theoretical
computation. The limit of the setting load of the large
casing wellhead for avoiding casing collapse was
obtained. The formula for calculating the internal
stress distribution of the risky section of the casing
was derived to guide the design of the well structure
and field operation.

1 THEORETICAL ANALYTIC METHODS

Current well-drilling and operation technologies
cannot provide cost-effective solutions for emerging
challenges. Based on statistics, casing deformation
was observed in 38 wells out of 72 horizontal wells
after hydraulic fracturing [15] and [16]. According
to the field survey, there is always a section with
the largest bite depth when the slip hanger holds the
casing, i.e., the risky section. Lowering the pH value
will cause an electrochemical reaction. It is common
for the casing material to be exposed to the H,S/CO,
acid gas environment, and electrochemical reactions
are prone to occur in risky sections [17] to [19].

In order to roughly clarify how the casing will be
destroyed after exceeding the limit suspension load,
the distribution of circumferential normal stress, radial
normal stress, circumferential and radial shear stress
of the dangerous section of the casing is determined
by the theory of elastoplastic mechanics [20].

Fig. 1. Diagram of stress on risky section of casing

As shown in Fig. 1, the risky section of the
casing is simplified as a circular ring. The outer wall
of the ring is bitten by the slip inserts to produces a
squeezing force. If the casing body force is neglected,
the force is axisymmetric, and the stress component is
written as [20]:

o, :iz+B(1+2lnp)+2C, )
P
A
o, =—?+B(3+21np)+2C, )
TP‘P :T(PP :0 (3)

Boundary conditions:

(7, ),, =0, 4)
(7, )p:b =0, (5)
(©,)p-0 =0, (6)
(CARRESS (7

According to Eq. (3), Egs. (4) and (5) are
satisfied. Egs. (6) and (7) are expressed as:

aiz+3(1+21na)+20=0, (8)
A
b—2+B(1+21nb)+2C:—qb. )

A compatible equation is expressed as:

2 2 \?
6—2+li+%a—2 ® =0, (10)
op~ pop p Op

which satisfies the compatibility equation.

The balanced differential equation (casing body-
weight neglected) is expressed as:

do, Ot 2t
1 L+ 24P, (11)
pop op p
oo, lﬁrw 6,—0, _o, (12)
op p op I
which satisfies the balanced differential equation.
According to the displacement single value
condition, B=0, then:

_ aszQb _%bz (13)
P -d b —a*’

which are incorporated into Egs. (1) and (2) and re-
arranged to obtain the Lame solution of casing stress:

A 2C =
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where p is casing radial length interval, p € [a,b],
o, casing radial normal stress, o, circumferential
normal stress on casing, 7,,, 7,, circumferential and
radial shear stress, 4, B, C arbitrary constants, a, b
casing inner and outer diameters, ¢, external stress of
slips on the casing, and @ stress function.
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Fig. 2. Distribution of stresses in the polar coordinates

The above quantities are described in the form of
polar coordinates (Fig. 2); the specific direction and
size are determined according to the calculated results.

Fig. 3. Distribution of stress inside the casing radial risky section

According to derivation, a, b and g, in expression
o, are all constants, and o, is only positively correlated
to a%/p?. Similarly, o, is only positively correlated
to —a’/p’>. According to theoretical derivation,
the distribution of the radial normal stress and
circumferential normal stress on the casing is obtained

(Fig. 3).

2 EXPERIMENTAL APPROACH AND PROCEDURE
2.1 Experimental Apparatus

The experiment was carried out on a horizontal
hydraulic experiment box, model XDL-10000 kN, and
its main technical indicators are shown in Table 1.

Table 1. Technical indexes of XDL-10000 kN horizontal hydraulic
experimental chamber

ltem Parameter
Maximum test force 10000 kN
Hydraulic cylinder piston stroke 1000 mm

Stretching chuck distance up and down 6m
Test machine space 500 mm x 6000 mm
Machine host size 9000 mm x 1200

(LxWxH) mmx 800 mm
Hydraulic system power 5 kW
The total weight of the machine 9000 kg

Fig. 4. Hydraulic experimental chamber

Fig. 4 shows the test machine used for casing
tensile testing. The body adopts a double-frame
force frame structure; a single-hydraulic cylinder is
installed on the upper beam, the piston and sensor
through the force frame and the upper tensile fixtures
are directly connected on the specimen tensile test,
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so that the loading head structure is simplified; The
reaction frame and the left and right rigid frame are
connected to the main body of the testing machine;
The down-stretching chuck body is connected with
the cross beam on the other side of the frame. The
side of the host machine is equipped with a hydraulic
loading system, which adopts a low-noise hydraulic
pump unit, a hydraulic valve group, and a high-
precision electro-hydraulic control valve to ensure
high precision, high efficiency, low noise and fast
response of the system, and to realize the automatic
control of loading and reversing of the test (Fig. 5).

~~Slip shell (fixed)
Slip

Casing
- _— Work fixture
/

Base frame

Hydraulic cylinder

Fig. 5. The experiment schematic diagram
2.2 Experimental Procedure

In the experiment, the load increased by 500 kN
uniformly over time, and the axial stress on the slips

simultaneously measured was plotted as shown in Fig.
6.
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Fig. 6. Relationship between different experimental loads and
maximum normal stress

As show in Fig. 6 that as the load increases, the
maximum normal stress on the casing also increases,
and the function fitted according to the curve is a
third-order equation. It can be seen that the influence
of the load on the results of the research is nonlinear.

3 FINITE ELEMENT ANALYSIS AND MATERIAL PREPARATION
3.1 Structure of ¢ 273 mm WE-Type Slip Hanger

In this paper, the ¢ 273 mm WE slip hanger commonly
applied in the Northwest Oilfield in China was

studied. The 3D solid structure established according
to the real size is illustrated in Fig. 7.

b 7 —

Fig. 7. a) WE-type-slip hanger assembly diagram; b) WE-type slip
hanger exploded view

According to Fig. 7, the slip hanger consists of 1
hexagon socket screw; 2 pressure plate; 3 sealing ring;
4 slip shell; 5 slip teeth; 6 screw; 7 positioning block

3.2 Working Principle and Analysis of Stress on WE-Type
Slip Hanger

The stress on the casing head slips is illustrated in Fig.
8.
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1.Casing

2. Slip insert

3. Slip shell

(slip weight is neglected)

G

Fig. 8. Stress on slips

The process of slip bite in the casing is one of
interaction between the slips and the pipe string.
When Slip 2 starts to bite into Casing 1, the active
force comes from the initial friction force received by
the slips. The slips will hold the pipe string radially by
causing reactions to the slips through amplifying them
with the casing weight. In this process, the casing
causes a large vertical gravitational acceleration
under the action of the huge suspension load, and
this causes the mutual friction between the casing
and the slip insert tip, which propels the slip to move
downward along Shell 3 until the slips cannot slide.
Then, the slips are in direct contact with the slip shell
through the inclined plane, and the casing moves
downward to squeeze the slips, which remain in the
same position by the support of the slip shell. The
slip teeth are squeezed into the casing to generate a
squeezing force; thus, sufficient friction is created to
reach a mechanical equilibrium on the casing. If the
suspension weight of the downhole casing increases,
the slips continue to bite into the casing due to greater
squeezing force until a new balance is reached, and
the safe suspension of the casing is realized.

According to Fig. 8, the slips are subjected to
the squeezing force and the frictional force of the

Table 2. Parameters of material properties of metal components

casing and the slip shell; enough friction is generated
by the bite of the slip teeth into the casing to balance
the casing gravity. Therefore, for slips, we obtain
according to the principle of static balance:

K +F,,sina =F, cosa,

(16)
(17)

where F is the supporting force of the casing on the
slips [N], F, the supporting force of the slip shell on
the slips [N], Fy3, the frictional force of slip shell
on the slips [N], £, the friction force of the casing
against the slips [N], F»3 the friction force of the slips
against the slip shell [N], a the slip cone angle [°], and
G the casing weight [N].

F,sina+F,;, cosa =G,

3.3 Establishment of Finite Element Model of WE-Type Slip
Hanger

The parameters of material properties input in the
process of finite element modelling are listed in Table
2.

The model’s geometric dimensions, loads, and
boundary conditions are symmetrical with regard
to the axis. An axisymmetric finite element model
is established to reduce the computational effort.
Full constraints are imposed on the slip shell, and
the suspension weight is simplified as an axial load
acting on the casing. Finite element analysis (FEA)
is an established standard procedure in many areas of
numerical strength analysis [21] and [22]. According to
the structure of the WE-type casing hanger and casing,
assumptions are also made as follows to simplify the
analysis model:

(1) The material is an elastoplastic body with
isotropic and homogeneous properties;

The effect of ovality and wall thickness
unevenness of casing hanger and casing is
neglected;

The effect of the error in wellhead suspension
installation is neglected.

A finite element model of the slips holding the
casing was established according to the real hanger
structure, and the model was meshed, as shown in
Figs. 9 and 10. Mesh refinement of the slip inserts, the

2

3

Component Material ﬁ(%?;:?i Young[l\s/”r)r;c])dulus Poisson’s ratio Y|e|c[iMslt2r:]ngth Ten5|[lﬁms)t£]e ngth
Slips 718 7850 249350 0.3 980 1550
Slip bowl 30CrMo 7850 249350 0.3 785 930
Casing head 30CrMo 7850 249350 0.3 517 655
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casing outer wall, the clip side surface, and the inner
surface of the slip shell was carried out to obtain the
accurate calculation results of contact between slips
and the casing outer wall and between the slip side
surface and the slip shell conical surface.

Casing -

Axial line

Slip -1
Slip shell

F
Fig. 9. Finite element model of slips holding the case

i
i
i
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b
b
X
b
A
b
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b
i

Fig. 10. Meshing of model

4 RESULTS AND DISCUSSION
4.1 Comparison of Results

The finite element simulation results are compared
with the experimental bite marks on the casing surface
to verify the correctness of the analysis results, as
shown in Fig. 11.

According to Fig. 11, when the slip is holding
the casing, the slip teeth squeeze the casing and bite

into the casing wall. The slip teeth leave a bite mark
with a clear texture on the casing surface. When
the suspension load reaches a certain value, plastic
deformation occurs on the bite mark. In addition, the
simulated bite marks show that the bite marks are
deeper in the lower part of the setting position. It can
be proved that the establishment and analysis results
of the finite element model are consistent with the
experiment results.

<

Sursearour yydop ang

Sursearour yydop ang

b)
Fig. 11. a) Experiment bite marks on the casing surface;
b) simulated bite marks on the casing surface

4.2 Relationship between Bite Depth and Suspension Load

The maximum depth of the slips bite into the casing
when the suspended load is increased from 1000 kN
to 6000 kN is simulated, as shown in Fig. 12. The
maximum height of the slips bite into the casing
gradually increases with the suspension load, which
gradually enhances the plastic deformation of the
casing surface.

When the slips bite into the casing surface, the
bite depth of each tooth into the casing is different.
Therefore, the teeth on the same slip are numbered
sequentially from bottom to top, and the bite depth of
all 17 teeth of the ¢ 273 mm WE-type hanger slips
into the casing under different suspension loads was
obtained, as illustrated in Fig. 13.
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=0.0716 mm 4, =0.0130 mm #4,, =0.1919 mm

=1000 kN F=2000kN F=3000kN
w=02566mm h,, =0.3220mm 7,, =0.3947 mm

F=4000 kN =5000 kN

F=6000 kN

Fig. 12. Maximum bite depth of casing surface
under different suspension load
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Fig. 13. Number of slip hanger’s teeth

S, Mises[MPa]

(Avg: 75%)
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+1.059e+00

Fig. 14. Equivalent stress cloud diagram of slip teeth biting into
the casing

According to Figs. 14 and 15, the bite depth of
slip inserts into the casing is differentiated under the

same suspension load, equivalent stress on the casing
and the bite depth of slips gradually decreases from
no. 1 to no. 17 (from bottom to top). With the increase
of the suspension load, the bite depth of the slips
gradually increases, and the increase in the bite depth
of the slips is higher in the lower positions (smaller
number).

0.40 = 1000 kN
“ & 2000 kN
035F o , * o —4 3000 kN
., : “ v 4000 kN
— 030} el + 5000 kN
* e <« 6000 kN
E025) * e
— *-3g
= *
2.020+ 3

o o o o o o * o o 9o -0 o o L e e |

0.05F L T e S I

01234567 3891011121314151617
The number of slip hanger's teeth

Fig. 15. Relationship between the bite depth and the number of
slip hanger’s teeth, and the suspension load

According to the finite element simulation
results, the relationship between the suspension
force and the maximum bite depth of the slip can be
obtained, as shown in Fig. 16, which is used to fit the
formula of the relationship between the suspension
load and the maximum bite depth of the slip:

h. =7E—-11x’ +6E —8x* +0.0006x+0.0129, (18)

where A, is the maximum bite depth of slips [mm];
x is the suspension load [kN].

y
0.40 = ¥ =TE-11x" + 6E-8x” + 0.0006x + 0.0129

e o o ©
oo 0o (o] >
< o (=] o

T T T T

Maximum bite depth [mm]

X
1 1 1 1 1 1 1 1 1 1 1 1 |

00
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500
Suspension load [kN]

Fig. 16. Relationship between the suspension load and the
maximum bite depth of slips
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4.3 Relationship between the Suspension Load and the
Residual Collapse Strength

When the slip inserts bite into the casing, the
mechanical properties of the casing varies with the
bite depth of the slips, which leads to variation in the
collapse strength and suspension ability of the casing.
Therefore, it is of great significance to study the effect
of the bite depth of slips on the collapse strength and
suspension ability of the casing. The cross-sectional
schematic of the slip teeth bite into the casing is shown
in Fig. 17. Assuming that the suspension load of the
hanger at a certain moment is F, the corresponding
maximum height of the slip insert bite into the
casing is /. If the casing cross-sectional area is
Ac [mm2], the residual wall thickness of the casing
at the maximum bite position is #,=¢—/h,,, [mm], the
residual diameter Dg=D—-2h,,. [mm], and the axial
tensile stress is Sa=F/A. [MPa].

A

max

Fig. 17. Profile of bite of slip insert into the casing

The equivalent yield strength of the casing under
the action of axial tensile stress is written as:

P

2

1—0.75[ij -0.5 5, Y, (19)
Y, Y,
where ¥, is the equivalent yield strength of the casing
under axial tensile stress [MPa], ¥, is the yield strength
of the casing [MPa].

When (D/t)yp<Dg/ts<(D/t)pr, is combined with
the API formula for plastic collapse pressure and takes
the safety factor as 1.5, the residual plastic collapse

strength is written as:

P =Y, {ﬁ—BJ/1.5—6.894757C, (20)

S
where Ppg is residual plastic collapse strength [MPa],
(D/t)yp is D/t limit value of yield strength collapse
and plastic collapse, is the limit value of plastic

collapse and elastic-plastic collapse, and casing steel
grade coefficient.

The relationship between the suspension load and
the residual collapse strength of the wellhead casing
was obtained by integrating Egs. (18) to (20), as
shown in Fig. 18. As the suspension load increases,
the casing residual collapse strength decreases. When
decreases to a certain value, the maximum suspension
force corresponding to the slips at a certain bite depth
can be obtained. In practical application, considering
the uneven wellhead or the error during installation
of casing head, the residual collapse strength of the
casing obtained in Fig. 18 should be divided by a
“working condition factor”.

Residual collapse strength
of casing at the wellhead [MPa]

2+

0F X
I I I I I I I I I I I I 1

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500

Suspension load [kN]

Fig. 18. Relationship between the suspension load and the
residual collapse strength of casing at the wellhead

5 CONCLUSIONS

An axisymmetric finite element model of the hanger
suspended the casing was established based on the
real structure of the ®273 mm WE slip hanger. The
accuracy of the finite element model was proved by
comparing the simulation results with the real bite
marks on the casing surface.

The bite depths of slip inserts into the casing
are different under a specific suspension load. The
bite depth of the slips is gradually reduced from no.
1 to no. 17 (from bottom to top). With the increase
of the suspension load from 1000 kN to 6000 kN, the
maximum bite depth of slip inserts into the casing
gradually increases from 0.07163 mm to 0.3947 mm,
and the increase in the bite depth of the slips is higher
in the lower positions (smaller number).

As the suspension load increases, the residual
collapse strength of the casing decreases. When the
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residual collapse strength decreases to a certain value,
the maximum suspension force corresponding to the
bite depth of slip inserts can be obtained.
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